Introduction
Extraction separation of divalent strontium (Sr 2+ ) is a major issue for solvent extraction research in terms of effective separation of long-lived exothermic radionuclide 90 Sr from high level radioactive liquid waste, and many researchers have studied the extraction behavior of Sr using various extraction systems.
1 Several 18-crown-6 derivatives, neutral macrocyclic ligands with suitable cavity size (260 -320 pm for 18-crown-6) for complexation to Sr 2+ (ionic radius = 132 pm), have been used for extraction of Sr to polar or aromatic organic solvents as ion-pair with picrate or other counteranion since the 1970s [2] [3] [4] up to the present. 1, 5, 6 Moreover, several researchers have investigated the possible use of hydrophobic ionic liquids (ILs) as extraction solvents for Sr with the 18-crown-6 derivatives. 1, 7, 8 In the IL system, the cationic Sr complexes are generally extracted via an ion-exchange process with the IL cations. 9 Tri-n-octylphosphine oxide (TOPO), on the contrary, is a well-known neutral monodentate ligand, and many metals can make cationic complexes with TOPO to be extracted as ion-pair. In the extraction of Sr, however, TOPO has been used only as a synergistic extraction agent for its chelate extraction. [10] [11] [12] Our research group has investigated various IL extraction research for metals [13] [14] [15] [16] [17] [18] including Sr. 19, 20 In our fundamental investigation of several extraction separation techniques using a cyclohexane/water/IL triphasic system, 21 we found a clue that two neutral extractants, TOPO and dicyclohexano-18-crown-6 (DC18C6), may show some unique synergistic effect in ion-pair extraction of Sr into cyclohexane using bis(trifluoromethanesulfonyl)imide (Tf2N -), which is well known as an IL anion, as counteranion. In previous, only limited paper 22 was published on the synergistic effect of TOPO and a crown ether with suitable cavity; the researchers discuss ion-pair extraction of silver(I) (ionic radius = 129 nm) into chloroform with TOPO, dibenzo-18-crown-6 and picrate. In this study, we investigated the specific synergistic effect in ion-pair extraction of Sr 2+ in detail using several organic solvents.
Experimental

Chemicals and apparatus
The neutral extractants, TOPO and cis-dicyclohexano-18-crown-6, were purchased from Dojindo (Kumamoto, Japan) and Wako Pure Chemicals (Osaka, Japan), respectively. Lithium bis(trifluoromethanesulfonyl)imide (LiTf2N) was purchased from Kanto Chemical (Tokyo, Japan). Other chemicals and solvents included reagent-grade materials and were used without further purification. High-purity water was produced with a Millipore Direct-Q water purification system.
A Seiko Model SPS-3000 inductively coupled plasma atomic emission spectrometer was used for the determination of Sr in the aqueous phase. A Horiba Model F-72 pH meter equipped with a Horiba 9680-10D combined glass electrode was used to measure the pH values.
Distribution of strontium
The extraction study was performed as follows. In a centrifuge tube, an aliquot (5.0 cm 3 ) of an organic phase (cyclohexane, hexane, toluene, benzene, 1,2-dichloroethane, anisole and 1-octanol) containing 1.0 × 10 -2 mol dm -3 of TOPO and/or DC18C6 and an equal volume of an aqueous phase containing 2.3 × 10 -5 mol dm -3 (2.0 mg dm -3 ) of Sr 2+ , 5.0 × 10 -3 mol dm -3 LiTf2N, 1.0 × 10 -1 mol dm -3 of lithium chloride and 1.0 × 10 -2 mol dm -3 of buffer (2-(N-morpholino)ethanesulfonic acid, used for controlling the aqueous phase pH at ca. 7) were shaken mechanically at 25 ± 1 C for 30 min to be equilibrated.
The co-use of two neutral ligands, tri-n-octylphosphine oxide (TOPO) and dicyclohexano-18-crown-6 (DC18C6), for ionpair extraction of divalent strontium (Sr 
Notes
After the two phases were separated by centrifugation, the pH in the aqueous phase was determined. The Sr concentration in the aqueous phase and that in the organic phase (after backextraction into 1.0 mol dm -3 hydrochloric acid) were determined by ICP-AES.
Results and Discussion
Inquest on presence of the synergistic effect
At first, we investigated whether the combination use of TOPO and DC18C6 results in enhancement of Sr extractability. Specifically, the distribution ratio of Sr when co-using TOPO and DC18C6 (DSyner) was compared to that when using TOPO alone (DTOPO) or DC18C6 alone (DDC18C6). Figure 1 shows graphically the results for use of 1.0 × 10 -2 mol dm -3 of TOPO and/or DC18C6 for the seven extraction solvents. (Order of the solvent in this figure is according to DDC18C6 value.) For all solvents, except for 1-octanol having strong coordination ability, the obtained DSyner values were some larger than DTOPO + DDC18C6, and it was confirmed that co-use of the two neutral ligands shows synergistic effect in the ion-pair extraction system. In addition, DDC18C6 values for cyclohexane and hexane were << 10 -2 , and the same held true for DTOPO values for the other five solvents.
Extracted species and equilibrium in the single-extractant systems
Because there is no previous report on ion-pair extraction of Sr with TOPO without using an anionic ligand, we investigated stoichiometry on the TOPO alone extraction. Figure 2 shows the relationship between log DTOPO and the logarithmic concentration of TOPO in the organic phase (log[TOPO]o, subscript o = organic phase) for cyclohexane and hexane at a fixed concentration of Tf2N -in the aqueous phase (5.0 × 10 -3 mol dm -3 ). At [TOPO]o < ca. 3.0 × 10 -2 mol dm -3 , the plots showed straight lines with a slope of ca. 3. From the results, it was found that one Sr 2+ reacts with three TOPO molecules. Namely, the extraction equilibrium of Sr with TOPO alone can be expressed as follows:
and its equilibrium constant, denoted as K103, is expressed as follows:
On the other hand, it is well known that Sr 2+ reacts with 18-crown-6 derivatives to form cationic 1:1 complexes in ionpair extraction to organic solvents [2] [3] [4] [5] [6] and ion-exchange extraction to ILs. [7] [8] [9] Namely, in the Sr extraction with DC18C6 alone, it was expected that the extraction equilibrium is expressed as follows:
In this case, its equilibrium constant, K110, is expressed as follows:
To confirm this extraction equilibrium, log DDC18C6 was plotted against log[DC18C6]o. Figure 3 shows the result for toluene at fixed ) as an example. The plot showed a straight line with a slope of ca. 1, and the validity of Eq. (3) was confirmed. Using these experimental data, the values of log K103 and log K110 were numerically calculated. The obtained values are summarized in Table 1 . Relatively high polar solvents showed large K110 values.
Extracted species and equilibrium in the synergistic extraction systems
With the use of toluene, benzene, 1,2-dichloroethane, and anisole as the extraction solvent, Sr showed negligible extractability with TOPO alone, and therefore, the synergistic effect can be evaluated in terms of adduct formation reaction between Sr(DC18C6) 2+ ·2Tf2N -and TOPO in the organic phase. The n-th adduct formation reaction is represented as follows:
and the adduct formation constant, βo,11n, is defined as:
Given that DSyner can be expressed as:
the ratio of DSyner to DDC18C6 at a fixed [DC18C6]o is shown as follows: (Incidentally, the 1-octanol system showed negligible synergistic effect.) In addition, overall extraction equilibria for the adducts can be expressed as:
and the equilibrium constants, K11n, are calculated as follows:
All of the obtained log βo,111 and log βo,112 values and the calculated log K111 and log K112 values are shown in Table 1 . High polar 1,2-dichloroethane showed relatively high synergistic effect, whereas anisole, having some coordinating ability, showed relatively low synergistic effect. Also, in the cyclohexane and hexane systems, it was expected that the synergistically extracted species is Sr(DC18C6)-(TOPO) . In this case, however, data analysis based on adduct formation equilibrium cannot be adopted because not only the number of DC18C6 but also that of TOPO are different. Therefore, we used another approach. In these systems, DSyner can be expressed as:
and, the difference between DSyner and DTOPO is shown as follows: and it was confirmed that Sr(DC18C6)(TOPO)2 2+ ·2Tf2N -is synergistically extracted also in these systems. Using these data, the values of log K112 were numerically calculated. The obtained values are also summarized in Table 1 .
The conversion of Sr(TOPO)3 This is not an adduct formation reaction but ligand exchange reaction. Namely, this equation suggests that, with the use of the nonpolar aliphatic solvents, the synergistic effect is based on competitive complexation of the primary extractant (TOPO) and the synergistic agent (DC18C6). More essential and detailed study seems to be necessary on ion-pair extraction of metals with joint use of plural neutral extractants, including evaluation on generality of the unique synergistic effect and its possible application to the enhancement of extraction selectivity between metals.
